Autism is a neurodevelopmental disorder characterized by disruptions in three core behavioral domains: deficits in social interaction, impairments in communication, and repetitive and stereotyped patterns of behavior or thought. There are currently no drugs available for the treatment of the core symptoms of ASD and drugs that target comorbid symptoms often have serious adverse side effects, suggesting an urgent need for new therapeutic strategies. The neurobiology of autism is complex, but converging evidence suggests that ASD involves disruptions in the inhibitory GABAergic neurotransmitter system. Specifically, people with autism have a reduction in parvalbumin (PV)-containing interneurons in the PFC, leading to the suggestion that restoring interneuron function in this region may be a novel therapeutic approach for ASD. Here we used a dual-reporter embryonic stem cell line to generate enriched populations of PV-positive interneurons, which were transplanted into the medial prefrontal cortex (mPFC) of the Poly I:C rodent model of autism. PV interneuron transplants were able to decrease pyramidal cell firing in the mPFC and alleviated deficits in social interaction and cognitive flexibility. Our results suggest that restoring PV interneuron function in the mPFC may be a novel and effective treatment strategy to reduce the core symptoms of autism.
INTRODUCTION
Autism spectrum disorders (ASD) are characterized by deficits in social interaction, impairments in communication, and stereotyped patterns of behavior [1] . This heterogeneous group of disorders affects approximately 1 in every 100 U.S. children [2] , yet there are no drugs currently available for the treatment of ASD. Rather, pharmacological interventions only target comorbid symptoms, and often have serious adverse side effects [3] . Therefore, new therapeutic strategies targeting the core behavioral deficits associated with ASD are urgently needed.
The etiology of ASD is complex but converging evidence from genetic, post-mortem, imaging, and preclinical studies suggest that ASD may involve dysfunction of the GABAergic system [4] . Autism is highly heritable, and copy number variants have been identified on the 15q11-q13 chromosome, a locus that contains genes related to GABA function, including multiple GABA A receptor subunits [5, 6] . Furthermore, mutations in other genes associated with ASD, such as CNTNAP2 and PLUAR, have been shown to decrease the number of GABAergic interneurons in the cortex [4] . Post-mortem and imaging studies in people with autism demonstrate reductions in the GABA A receptor [7, 8] , the GABA synthesizing enzymes, GAD65 and GAD67 [9] , and in GABA itself [10] . These deficits seem to be prevalent in the parvalbumin (PV)-containing interneuron subtype. A recent analysis of multiple genetic and environmental mouse models of autism suggests that these animals have reduced numbers of PV-positive interneurons [11] . Furthermore, in mice, PV knockdown produces an autism-like phenotype, resulting in reduced ultrasonic vocalizations, impaired social interaction, and deficits in reversal learning [12] . Recent postmortem studies demonstrate that the percentage of PV-positive interneurons is decreased in prefrontal brain regions of autistic people [13, 14] .
PV-positive interneurons critically regulate cortical function by influencing pyramidal cell excitability and coordinating synchronized network activity [15, 16] . Interestingly, deficits in coordinated activity and hyper-excitability have been observed in the valproic acid model of autism [17] and in some people with autism [17, 18] . Specifically, dysregulation of the prefrontal cortex (PFC) is consistently observed in ASD [19] and animal models demonstrate that this dysregulated PFC activity can actually cause autism-like behaviors. For example, people with autism show hyperactivity in frontal brain regions [20] [21] [22] and elevating the excitation/ inhibition ratio in the PFC of rodents reduces social interaction, a core feature of autism [16] . Furthermore, PV-positive interneurons are both necessary and sufficient to evoke gamma oscillations [15, 23] and some people with autism show reductions in synchronized cortical activity, specifically in the gamma frequency range [17, 24] . Increasing gamma oscillations in the PFC of rodents increases social interaction time [16] and reduces cognitive inflexibility [25] . Altogether, these results suggest that the GABAergic deficits associated with ASD may result in dysregulated activity in the PFC, and ultimately contribute to the core symptoms of autism.
Cell-based therapies have received much attention for their potential to treat a variety of complex neurological disorders. Interneuron precursors have the unique ability to survive, migrate, and integrate into the cortical circuitry, and display a GABAergic phenotype after transplantation into the brain [26] . It has been shown previously that a dual-reporter mouse embryonic stem cell line can be used to produce enriched populations of PV-positive interneurons [27] , and we have recently demonstrated that this approach may be used to restore aberrant hippocampal function in a rodent model of schizophrenia [28] . In the current experiment, we tested the hypothesis that interneuron transplants in the prefrontal cortex would also be effective in autism, a disorder that shares multiple etiological and pathological features with schizophrenia. Maternal viral infection in the first trimester is a risk factor for autism [29] . Therefore, we used polyinosine:cytosine (Poly I:C), a double-stranded RNA, to evoke an antiviral-like immune reaction in pregnant dams. When injected early in gestation (gestational day 12), offspring have been shown to exhibit autism-like deficits in social interaction, communication, and repetitive behaviors [30] . Therefore, in the current experiments, we injected PV interneuron precursors into the mPFC of Poly I:C-treated animals to test the hypothesis that interneuron transplants can normalize dysregulated cortical activity and reverse behavioral deficits relevant to autism.
MATERIALS AND METHODS
All experiments were performed in accordance with the guidelines outlined in the USPH Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of the University of Texas Health Science Center at San Antonio.
Poly I:C Administration Timed pregnant female Sprague-Dawley rats were obtained from Harlan on gestational day 11. Poly I:C (Sigma, 7.5 mg/kg, i.p.) or saline was administered on gestational day 12. The sickness response was monitored in a subset of dams for 72 h after the injection. Body temperature and food consumption was measured using an anal probe at 0, 1, 2, 3, 4, 24, 48, and 72 h after administration, while body weight was recorded at 24, 48, and 72 h post injection. Male pups were weaned on postnatal day 21 and housed in groups of 3 until they were >12-week-old, at which point rats were singly housed and used for behavioral or electrophysiological experiments. All experiments included pups from multiple litters.
Cell Culture
In order to generate enriched populations of parvalbumin (PV)-positive interneurons, we used the J27 mouse embryonic stem cell line containing dual reporters (Lhx6::GFP and Nkx2.1::mCherry) as previously reported [27] . To differentiate these into interneurons, cells were grown in suspension as embryoid bodies in embryonic stem cell medium containing 1% N2, the BMP inhibitor, LDN-193189 (250 nM), the Rho-kinase inhibitor, Y27632 (10 μM), and the WNT inhibitor, XAV939 (10 μM). On differentiation day 3, embryoid bodies were dissociated and plated onto an adherent dish in the presence of fibroblast growth factor-2 (10 ng/ml) and insulin-like growth factor-1 (20 ng/ml). Media was changed daily until cells were sorted by flow cytometry in the presence of the viability marker, Zombie Violet. PV-enriched populations were sorted for mCherry+ cells on differentiation day 17 as previously reported [28] .
Stereotaxic Surgery
On postnatal days 40-45, animals were anesthetized (sodium pentobarbital, 60 mg/kg, i.p.) and placed in a stereotaxic apparatus. Bilateral cannula aimed at the mPFC (A/P + 3.0, M/L ± 0.6, D/V −4.0 mm from bregma) were used to inject~40,000 cells into each hemisphere. To ensure that the behavioral and physiological effects were not due to an inflammatory response caused by the introduction of foreign biological material into the brain, dead cells were used as a control. For dead cell controls, sorted cells were frozen and thawed repeatedly, and a lack of viability was confirmed with trypan blue [28, 31] . All rats were treated with cyclosporin A (10 mg/kg, s.c.) for 7 days to prevent rejection of mouse embryonic stem cells. After day 7, cyclosporin A was administered in the drinking water (100 μg/ml) for the duration of the experiment. All electrophysiological and behavioral experiments were performed at least 30 days post transplantation, a time point at which the cells have had sufficient time to migrate and integrate into the cortex [27, 28] . Each animal was tested on all the behavioral assays in the following order: ultrasonic vocalizations, social interaction, attention set-shifting test, and prepulse inhibition.
Ultrasonic Vocalizations
To model the communication deficits observed in autistic children [32] , we recorded ultrasonic vocalizations during maternal separation essentially as described in ref. [33] . Briefly, on postnatal day 8, mothers were removed from the home cage and pups were placed on a 34.5 C heating pad for 15 min. Male and female pups were removed from the cage one at a time and placed in a glass beaker on a 34.5 C heating pad. Ultrasonic vocalizations (USVs) were recorded for 3 min using an ultrasonic microphone (Dodotronic 200 K ultramic) placed~10 cm above the pup. SeaWave software was used to record USVs at a sampling rate of 192 kHz. USVs were counted and expressed as the number of USVs per minute.
Social Interaction
To model the social deficits observed in people with autism, the Social Interaction Test was performed essentially as described previously [34] . Briefly, rats were placed in a test arena (100 × 100 × 40 cm) alone for 15 min per day for 2 days prior to testing. On the test day, experimental rats were placed in the arena with a rat from the same experimental group. The 5 min test was recorded by video camera for offline analysis by a blind experimenter. The dependent measure was the time that the animals spent actively engaged in social interaction, including sniffing, climbing on, following, grooming, or wrestling. In addition, USVs were recorded during the social interaction test and analyzed as described above.
Attentional Set-shifting Test To model the deficits in cognitive function that are seen in people with autism, the AST was performed as described [35] . Briefly, rats were restricted to 12 g food/day for 7 days prior to testing. Using a cheerio reward, rats were trained to dig in pots defined by cues along two stimulus dimensions: the digging medium filling the pot, and an odor applied to the inner rim of the pot. During testing, the rat was taken through a series of stages, each requiring a different discrimination (Fig. 1a) , with a criterion of six consecutive correct trials required to proceed to the next stage.
Prepulse Inhibition
In order to determine whether the therapeutic effects were specific to autism-like deficits, we measured prepulse inhibition of startle (PPI). To measure PPI, rats were placed in sound-attenuated chambers (SD Instruments) and allowed to acclimatize to the 65 dB background noise for 5 min. Rats were then exposed to the startle-only trials in which a 40 ms, 120 dB pulse was presented 10 times (15 s average inter-trial interval; ITI). Animals were then exposed to 24 trials in which a prepulse was presented 100 ms before the startle pulse. Prepulses were 20 ms at 69 dB, 73 dB, and 81 dB. Each prepulse + startle pulse and startle pulse only was presented six times in a pseudo-random order (15 s average ITI). The startle response was measured from 10 to 80 ms after the onset of the startle only pulse and recorded using SR-LAB Analysis Software (SD Instruments). PPI was calculated as a percentage score for each prepulse plus pulse trial type using the following formula: %PPI = (100*[(pulse alone score) − (prepulse + pulse score)/pulse alone score)].
Extracellular Recordings
In order to measure pyramidal cell activity, rats were anesthetized with urethane (1.5 g/kg, i.p.) and placed in a stereotaxic apparatus. A core body temperature of 37°C was maintained as extracellular glass microelectrodes were lowered into the mPFC (A/P + 3.0, M/L ± 0.6, D/V −3.0 to −5.0 from bregma). Putative pyramidal neurons in the mPFC were identified by a firing rate between 0.1 and 10 Hz [36] and were recorded for a period of 3 min. The signal was amplified (×5000) and filtered (low cutoff: 30 Hz; high cutoff: 30 kHz) using a Dagan amplifier 2400A and analyzed using Labchart software.
Immunohistochemistry
After behavioral or electrophysiological testing, dual-fluorescence immunohistochemistry was used to determine the number of PVpositive cells in the mPFC. Briefly, rats were transcardially perfused with saline followed by 4% paraformaldehyde. Brains were postfixed and cryoprotected in 10% sucrose in phosphate-buffered saline (PBS). Free-floating coronal sections from the mPFC (50 μm) were washed in PBS, blocked (2% normal goat serum and 0.3% Triton X-100), and incubated with rabbit anti-PV (AbCam; 1:1000) antibodies at 4C overnight. Sections were then incubated with AlexaFluor 594 goat anti-rabbit secondary antibody (1:1000) and mounted on slides and coverslipped using Prolong gold anti-fade reagent with DAPI. Sections from the mPFC (Bregma +3.0 to +4.0) were identified using the Paxinos and Watson Brain Atlas [37] and were imaged using an AxioCam ICc 1 (Zeiss) camera attached to an Axio Lab.A1 microscope (Zeiss). The number of PV-positive cells was counted on 4 sections per animal by an experimenter blind to the experimental condition. Labeled cells were counted regardless of fluorescence intensity. The number of PV-positive cells per slice was averaged for each animal.
In a subset of animals, immunohistochemistry was also used to determine the percentage of interneuron transplants that differentiated into PV-positive interneurons. Lhx6 is expressed from the time parvalbumin-positive interneurons exit the cell cycle into adulthood, therefore we used GFP (AbCam; 1:500), which is expressed under the control of Lhx6, to label transplanted cells. The number GFP-positive cells, PV-positive cells, and cells that expressed both GFP and PV were counted on 4 sections per animal by an experimenter blind to the experimental condition. The proportion of GFP cells that were also PV-positive and the proportion of PV cells that were also GFP-positive was expressed as a percentage. The representative images in 1F were acquired using an Olympus IX81 Motorized inverted confocal microscope and FV10-ASW software and enhanced using ImageJ.
Data Analysis
In all figures, data are shown as mean + s.e.m and n is indicated in the figure legend.
Data was analyzed by t-test, two-or three-way analysis of variance and the Holm-Sidak post hoc test was used when significant interactions were present. All tests were two-tailed, and significance was determined at p < 0.05.
RESULTS

Maternal Sickness Behavior
To determine whether the Poly I:C injection produced a sickness response in the pregnant dams, we recorded body temperature, body weight, and food intake for 72 h after the injection in a subset of rats. We found that there was a small, transient drop in body temperature in the hours following the Poly I:C injection compared to saline-treated controls (Supplementary Figure 1A ; n = 2 rats/group). We also observed a decrease in food intake at 24 h post injection but by 48 h, there was no difference in food intake between the Poly I:C-treated and saline-treated dams (Supplementary Figure 1B ; n = 2 rats/group). We did not observe a Cell Numbers To determine whether Poly I:C animals had a reduction in PV cells in the mPFC and whether the number of PV cells was increased by the cell transplants, we used immunohistochemistry. Consistent with other animal models of autism [11] and with post-mortem studies of people with autism [13, 14] , we found that prenatal Poly I:C exposure causes a reduction in the number of PV-positive cells in the mPFC (Fig. 2a, b ; saline/dead cells = 15.23 ± 1.26 cells per 250 μm 2 , Poly I:C/dead cells = 10.19 ± 1.26 cells per 250 mm 2 ; Holm-Sidak t = 2.84, p < 0.05, n = 4-7 rats/group). Furthermore, we also observed a significant increase in the number of PVpositive cells in the mPFC in both saline-treated and Poly I:Ctreated rats that received cell transplants ( Using electrophysiology and immunohistochemistry, we and others have shown previously that this stem cell differentiation protocol produces an enriched population of PV-positive interneurons that survive after transplantation into the somatosensory cortex [27] or the ventral hippocampus [28] . In the current experiments, we used dual-fluorescence immunohistochemistry to confirm that in the mPFC, the transplanted cells survived and differentiated into PV-positive interneurons (Fig. 2c-f) . GFPpositive cells were observed throughout the mPFC (approximately from 4.68 to 3.00 mm anterior to Bregma; Fig. 2c ). The majority of transplanted cells differentiated into PV-positive interneurons and there was no difference in the percentage of transplanted cells that express PV between saline-and Poly I:C-treated animals ( 
Ultrasonic Vocalizations
To model the communication deficits that define autism, we recorded USVs in postnatal day 8 pups after maternal separation. We found that prenatal Poly I:C exposure produces an autism-like deficit in communication. Specifically, Poly I:C pups emit fewer ultrasonic vocalizations compared to saline-treated controls ( Fig. 3a,b ; Saline = 24.06 ± 5.95 USVs/minute, Poly I:C = 4.33 ± 1.58 USVs/minute; t (22) = 3.202, p < 0.05, n = 12).
Social Interaction
The social interaction test was used to model social deficits, which are a core feature of autism. Poly I:C animals that received dead cell transplants show a trend to spend less time engaged in social interactions compared to saline-treated controls ( Fig. 4 ; saline/ dead cells = 145.13 ± 9.85 s, Poly I:C/dead cells = 127.11 ± 9.28 s). Although transplantation of PV-positive cells into the mPFC had no effect in saline-treated animals, it produced a significant increase in social interaction time in the Poly I:C rats that restored social interaction to a level consistent with controls ( Fig. 4 ; saline/ PV cells = 153.00 ± 11.37 s, Poly I:C/PV cells = 155.11 ± 9.28 s; Holm-Sidak: t = 2.133, p = 0.042), suggesting that PV cell transplants may be an effective treatment strategy for the social deficits that characterize autism. There were no significant differences in Figure 2) .
Attentional Set-shifting People with autism also demonstrate characteristic cognitive deficits including rigid, inflexible patterns of thought and behavior [38] . We used the attentional set-shifting test to measure two forms of cognitive flexibility that are disrupted in autism. First, we found that like autistic people [38] , rats exposed to Poly I:C in utero show deficits in reversal learning ( Fig. 1c ; saline/dead cells = 10.8 ± 2.6 trials to meet criterion, Poly I:C/dead cells = 25.167 ± 2.381 trials; Holm-Sidak: t = 3.603, p = 0.001). In saline-treated animals, PV-positive transplants into the mPFC also impaired reversal learning ( Fig. 1c ; saline/PV cells = 19.17 ± 2.38 trials; Holm-Sidak: t = 2.328, p = 0.028). However, in the Poly I:C animals, PV cell transplants actually improved performance ( Fig. 1a ; Poly I: C/PV cells = 15.50 ± 2.06 trials; Holm-Sidak: t = 2.717, p = 0.012). We also observed a significant difference between saline and Poly I:C rats that received cell transplants in the second reversal task. Cell transplants also significantly improved performance in the Poly I:C-treated animals compared to saline-treated rats that received the cell transplants ( Fig. 1b; saline/dead cells = 7.83 ± 0.92 trials, Poly I:C/dead cells = 9.88 ± 0.80 trials, saline/PV cells = 10.17 ± 0.93 trials, Poly I:C/PV cells = 7.67 ± 0.76 trials; Holm-Sidak: t = 2.09, p = 0.047).
In addition, we measured extradimensional set shifting, another form of cognitive flexibility that is impaired in people with autism [39] . We found that Poly I:C animals displayed a trend (p = 0.05) for impaired extradimensional set-shifting compared to salinetreated controls ( Fig. 1d ; saline/dead cells = 14.00 ± 2.48 trials, Poly I:C/dead cells = 15.67 ± 2.48 trials; Holm-Sidak: t = 2.018, p = 0.054). Although they had no effect in the saline-treated animals, the PV cell transplants improved ED set-shifting in the Poly I:Ctreated rats ( Fig. 1d ; saline/PV cells = 15.67 ± 2.48 trials, Poly I:C/PV Fig. 3 Interneuron transplants alleviate deficits in social interaction in Poly I:C-treated animals. Rats that were exposed to Poly I:C on gestational day 12 show a reduction in social interaction time compared to saline-treated controls. PV-positive interneuron transplants into the mPFC increase social interaction time in Poly I:Ctreated rats. * is significantly different than dead cell controls. n = 6-9 per group Fig. 4 Interneuron transplants improve cognitive flexibility in Poly I:C-treated animals. The stimuli used for each stage of the AST are presented in a. Rats that were exposed to Poly I:C on gestational day 12 show an increase in trials to meet criterion on the first reversal learning stage of the AST (c). Although interneuron transplants impaired reversal learning in control animals, PV-positive cells decreased trials to meet criterion in Poly I:C-treated rats (c). The increase in trials to meet criterion on the extradimensional set-shifting stage of the AST is completely abolished by PV-positive transplants into the mPFC (d). The other stages of the AST were not affected by Poly I:C or the cell transplants (b). * is significantly different than saline-treated animals that received dead cell transplants. + is significantly different than Poly I: C-treated animals that received dead cell transplants. † is significantly different than saline-treated animals that received PV cell transplants. n = 8-9 per group Embryonic Stem Cell Transplants to Treat Autism... JJ Donegan et al. cells = 12.56 ± 2.03 trials; Holm-Sidak: t = 2.732, p = 0.011). We did not find differences on any other stage of the test (Fig. 1b) , suggesting that the cognitive deficits specifically influence behavioral flexibility rather than motivation or learning. Excitingly, these findings suggest that PV cell transplants into the mPFC may improve cognitive flexibility in people with autism.
Prepulse Inhibition Although autism and schizophrenia are two distinct disorders in humans, they display some overlapping symptoms (i.e. social withdrawal and cognitive dysfunction). Similarly, animal models of autism and schizophrenia display deficits in both social interaction and cognition. However, deficits in prepulse inhibition of startle are one symptom observed in schizophrenia patients [40] but not autistic people [41, 42] ; therefore, we measured PPI in the Poly I:C model to determine the specificity of interneuron transplants on autism-like deficits. There were no significant differences between groups in initial startle responses (data not shown). As expected, we observed an increase in the percentage of PPI as the prepulse volume increased ( Fig. 5 ; Holm-Sidak: 69 dB vs. 81 dB t = 8.862, p < 0.001; 73 dB vs 81 dB t = 4.566, p < 0.001; 69 dB vs 73 dB t = 4.295, p < 0.001). However, there was no difference in PPI between saline-and Poly I:C-treated animals ( Fig. 5 ; saline/dead cells/69 dB = -30.25 ± 6.56% PPI; saline/dead cells/73 dB = −47.42 ± 6.56% PPI; saline/dead cells/81 dB = -70.92 ± 6.56% PPI; Poly I:C/dead cells/69 dB = −32.667 ± 6.56% PPI; Poly I:C/Dead cells/73 dB = -46.33 ± 6.56% PPI; Poly I:C/dead cells/81 dB = −65.58 ± 6.56% PPI; Holm-Sidak: t = 0.249, p = 0.804). Although the PV cell transplants in the mPFC had no effect on saline-treated animals at any of the volumes measured ( Fig. 5 ; saline/PV cells/69 dB = −10.22 ± 7.57% PPI; saline/PV cells/73 dB = −41.22 ± 7.57% PPI; saline/PV cells/81 dB = −68.11 ± 7.57% PPI; Holm-Sidak: t = 1.674, p = 0.097), the Poly I:C rats that received PV cell transplants were significantly different than the Poly I:C/Dead cell controls ( 
Electrophysiology
It has been suggested that autistic disorders may involve an increase in the ratio of excitation vs. inhibition, resulting in hyperexcitability in cortical circuits [43, 44] . Therefore, we used in vivo extracellular recordings to measure the activity of putative pyramidal cells in the mPFC. We found that Poly I:C treatment produces a modest but non-significant increase in pyramidal cell firing rate in the control animals ( Fig. 6 saline/dead cells = 3.06 ± 0.34 Hz, Poly I:C/dead cells = 3.49 ± 0.31 Hz; Holm-Sidak: t = 0.913, p = 0.362). As expected, the PV cell transplants produced a significant decrease in pyramidal cell firing rate in both saline and Poly I:C-treated animals ( Fig. 6 ; saline/PV cells = 2.62 ± .32 Hz, Poly I:C/PV cells = 1.96 ± .33 Hz; Holm-Sidak: t = 3.0, p = 0.003), suggesting that the cell transplants integrate into the existing circuitry and influence mPFC activity.
DISCUSSION
In the current paper, we provide the first experimental evidence that restoring parvalbumin (PV)-interneuron function using embryonic stem cells can attenuate behavioral deficits in an animal model of autism.
In order to study a novel treatment strategy for autism, in the current experiments we used the Poly I:C model of autism. Specifically, injecting pregnant female dams with the viral mimetic, Poly I:C, on gestational day 12 produces autism-like deficits in offspring, including reduced USVs, social avoidance, and stereotyped or repetitive behaviors [45] . However, it should be noted that the Poly I:C model, as with many other autism models, shares multiple features with rodent models of schizophrenia [46, 47] , including the behaviors tested in the current manuscript. This is not surprising, considering that maternal infection has also been associated with schizophrenia [48] . It has been suggested that the timing of the prenatal infection may influence the resulting symptoms in offspring [49] . For example, in humans, deficits in PPI are one symptom observed in schizophrenia patients [40] but not autistic people [41, 42] . In line with our results, others have found that Poly I:C exposure early in gestation does not produce deficits in PPI [50, 51] , while exposure later in pregnancy can impair PPI [52, 53] . Conversely, deficits in communication are one of the core features of autism but not present in schizophrenia patients. As we and others have demonstrated, Poly I:C exposure early in gestation produces a reduction in ultrasonic vocalizations [54] . Interestingly, Poly I:C exposure later in pregnancy actually increased vocalizations [55] . These results suggest that although it is difficult to completely separate animal models of schizophrenia and autism, Poly I:C administration specifically at gestational day 12, may be more relevant for autism than schizophrenia. Regardless, our findings that PV transplants into the mPFC alleviate schizophrenia-like and autism-like deficits in social interaction and cognitive function are in line with the Research Domain Criteria (RDoC) initiative, which was developed to provide a new classification framework for psychiatric disorders [56] . Because many mental health disorders, including autism and schizophrenia, display overlapping symptoms, the goal of RDoC is to provide a more comprehensive understanding of the molecules and circuits involved in discrete dimensions of psychiatric disease. Our results indeed have relevance for schizophrenia, but by targeting the mPFC specifically and by using a model that more closely resembles autism, we believe that our results have important implications in the treatment of autism as well.
People with autism present with deficits in communication. To confirm that the Poly I:C model recapitulated these communication deficits, we measured USVs after maternal separation. We found that pups from Poly I:C mothers emitted significantly fewer USVs than saline control pups. Although we are aware that it is difficult to accurately model the complexities of human communication in a rat, USVs emitted by pups after maternal separation are thought to serve as an important early form of communication. Indeed, these calls are the required stimulus for mothers to search and retrieve isolated pups and reduced USVs after maternal separation have been observed across rodent models of autism [57] . It is possible, however, that the reduction in USVs may be a result of altered maternal care by Poly I:C mothers. Indeed, others have shown that Poly I:C exposure in mice can decrease licking/ grooming behavior [58, 59] . In the current experiments, we monitored the sickness response in the pregnant dams. We found that Poly I:C treatment caused a slight change in body temperature and food intake in the hours after the injection. Importantly, within 48 h of the injection, there was no difference in temperature, food intake, or body weight between the Poly I:Ctreated and saline-treated dams, suggesting that the sickness response had resolved by the time the pups were born. Further, others have shown that Poly I:C offspring cross-fostered with saline-treated mothers show similar behavioral deficits to those raised by Poly I:C-treated dams [59] [60] [61] , suggesting that maternal care is not responsible for the autism-like behaviors observed in offspring. One major limitation of the USV results is that at the time point of testing (PND 8), the animals had not yet received the interneuron transplants. Furthermore, USVs were recorded during adult social interactions (Supplementary Figure 2) but the Poly I:C rats showed no deficits relative to control animals, making it difficult to interpret the ability of PV transplants to alleviate communication deficits.
In the current experiments, we demonstrate that altering the E/I ratio by transplanting PV-positive interneurons into the mPFC increases social interaction time in the Poly I:C model of autism. Autistic people demonstrate impairments in social functioning, including difficulty initiating social interactions and developing relationships, lack of interest in the emotions of others, and a lack of interest in sharing common interests or enjoyment with others [62] . Although rats are highly social species, our results are limited by the inability to adequately model the complexity of human social interactions. Others have consistently demonstrated that prenatal exposure to Poly I:C decreases social interaction time [63] . In the current experiments, we also found that Poly I:C-treated animals show a trend toward reduced social interaction time compared to saline-treated controls, although this effect was not significant. It is possible that the current results, although qualitatively similar to experiments from other laboratories, are less robust due to the severity of the mPFC manipulations in control rats. Indeed, the dead cell transplants may have produced subtle deficits in saline-treated rats, highlighting the importance of using the appropriate controls. However, our findings are in line with previous studies demonstrating that GABAergic signaling influences social function. For example, systemic administration of GABA A agonists increase social interaction time while antagonists decrease social interaction, although these effects may be secondary to changes in anxiety [64, 65] . In juvenile mice, PV knockdown or knockout reduces social interaction time [12] . In a more recent study, Yizhar et al [16] found that disrupting the excitation/inhibition (E/I) balance by selectively activating pyramidal cells in the mPFC using optogenetics, produces a deficit in social interaction. Interestingly, this deficit was reversed when the E/I balance was restored by simultaneously activating inhibitory interneurons [16] . Furthermore, restoring the E/I balance in the mPFC by either optogenetically activating inhibitory interneurons or by inactivating pyramidal cells can improve social interaction deficits in a mouse model of autism [66] .
Although our experiments focused on the mPFC, many other brain regions have been implicated in rodent social interaction, including the amygdala, hippocampus and ventral tegmental area (VTA) [65] . We have shown previously that PV interneuron transplants in the ventral hippocampus can increase social interaction time in a rodent model of schizophrenia [28] . However, this result is likely associated with the strong reciprocal Embryonic Stem Cell Transplants to Treat Autism... JJ Donegan et al. connections between the ventral hippocampus and mPFC [67] . Similarly, the ventral tegmental area has also been implicated in social interaction. Dopamine cells in the VTA are active during social interactions [68] , and decreasing dopamine release has been shown to decrease interaction time [68] . Given that dopamine cell activity is regulated by the mPFC [69] , it is possible that the changes in social interaction we observed were due to direct effects of the interneuron transplants on mPFC function or through the ability of the mPFC to regulate other brain regions involved in social behaviors [62] .
In the current experiments, we also provide evidence that interneuron transplants may effectively reduce stereotyped patterns of behavior, another core feature of autism. We used the attentional set-shifting test to measure two forms of behavioral flexibility: reversal learning and extradimensional setshifting. People with autism show deficits in both reversal learning and attentional set-shifting on the CANTAB [38, 39] and in the current experiments we found that Poly I:C-treated animals also show deficits in both forms of cognitive flexibility. Excitingly, interneuron transplants into the mPFC attenuate deficits in both reversal learning and extradimensional set-shifting. Reversal learning has been associated with orbitofrontal activity and subcortical dopamine function [70] . Therefore, the beneficial effects of the cell transplants may be due to the strong reciprocal connections between mPFC and OFC [71, 72] or through the ability of the mPFC to regulate dopamine cell firing in the VTA [69] . Interestingly, we found that in the saline-treated animals, PV transplants impaired reversal learning, which may result from the ability of the mPFC to regulate dopamine release from VTA cells. The effect of dopamine on cognitive function has been shown to fall on an inverted U-shaped curve [73] , therefore, it is possible that the decrease in activity in the mPFC caused by the PV transplants would lead to less activation of the VTA [74] , and ultimately dopamine levels would fall on the low end of the Ushaped curve leading to impaired cognitive function. Conversely, extradimensional set-shifting, like social interaction, depends on mPFC function [75] . Indeed, mPFC lesions cause specific deficits in extradimensional set-shifting without influencing other forms of cognitive flexibility, such as reversal learning [75] . The fact that mPFC disruptions can influence extradimensional set-shifting may explain why we did not see a significant effect of Poly I:C on this form of cognitive flexibility. In the current experiments, we found that interneuron transplants into the mPFC improve both forms of cognitive flexibility.
To our knowledge, the current experiments provide the first evidence that interneuron transplants, derived from embryonic stem cells, may be an effective treatment strategy for autism. Currently, cell-based therapies for the treatment of autism have focused on mesenchymal stem cells (MSCs). Indeed, two small open-label studies have shown symptom improvement in autistic people treated with MSCs [76, 77] . However, problems still exist with this highly controversial cell-based therapy [78] and the mechanisms of action of MSCs has not been completely elucidated.
Here, we reverse autism-like deficits in the Poly I:C model using embryonic stem cells that had been differentiated into an enriched population of PV-positive interneurons, allowing us to directly target a pathological mechanism of autism. It should be noted that there is some disagreement in the field as to whether there is an actual loss of cells or just a decrease in PV expression. However, we believe that either situation would result in a loss of PV cell function and that transplanting functional PV cells is a reasonable treatment strategy. Previously, we and others have demonstrated that these interneuron transplants not only express PV but also show a fast-spiking firing pattern characteristic of endogenous PV-positive interneurons [27, 28] . Furthermore, we have shown previously that PV-positive transplants decrease firing rate of endogenous pyramidal cells [28] , suggesting that the transplanted interneurons integrate into the circuitry and influence local circuit activity [4] . It should be noted that the Poly I:C-treated rats had fewer total PV-positive interneurons, suggesting that the proportion of PV-positive interneurons that were also GFP-positive should be higher in this group. However, this is not what we found. This discrepancy is likely due to the heterogenous distribution of the transplanted cells and our inability to perform three-dimensional analyses of the entire mPFC. Furthermore, we should recognize that although a majority of the transplanted cells differentiate into PV-positive interneurons, there is still a small percentage that do not express PV. In previous studies, we have found that the majority of these PV-negative cells express somatostatin [27, 28] , which represents a distinct class of interneurons that may be contributing to the behavioral effects we observed. Regardless, by altering neuronal circuitry rather than temporarily increasing GABAergic signaling pharmacologically, interneuron transplants may provide a longer lasting treatment strategy. In the current experiments, the behavioral and electrophysiological effects were tested >30 days post transplantation. Although we have observed the presence of the cells for up to 6 months post transplantation (data not shown), future experiments should be performed to determine the duration of therapeutic effect.
Although cell-based therapies have long been hailed as the future of medicine, recent advances in stem cell biology have made this once sci-fi fantasy a reality. Methods to convert somatic cells into inducible pluripotent stem cells have been developed, allowing scientists to create virtually any cell type from non-fetal tissue. These advances, in addition to nullifying the moral argument against stem cell research, also opens the exciting possibility of treating people with autism with their own cells! Although many hurdles still exist before this therapy can be implemented in the clinic, we provide the first evidence that interneuron transplants, derived from embryonic stem cells, may be an effective treatment strategy for autism. Our findings demonstrate that transplantation of PV-positive interneurons into the mPFC in the Poly I:C model of autism improves deficits in social interaction and behavioral flexibility, two core features of autism that are severely debilitating but currently have no cure.
